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Abstract
DrosophilaHsp27 is a small heat shock protein displaying exclusive nuclear localization both before and after heat shock. However, the mechanism
implicated in this nuclear localization as well as the required sequences, are undefined. This study identifies the Hsp27 sequences mediating its nuclear
localization. The generation of chimeric fusions between Hsp27 and Hsp23, a small heat shock protein displaying exclusive cytoplasmic localization,
delineated a stretch of 15 amino acids containing a nuclear-targeting activity. Site-directedmutagenesis within this region unveiled the implication of three
arginine residues (R54–R55–R56), which differentially combine to form a novel kind of nuclear localization signal (NLS). Abrogation of the nuclear
localization signal activity indicated thatDrosophilaHsp27 could still enter the nucleus to associate with nuclear speckles in a NLS-independent fashion.
Mutagenesis of a putative nuclear export signal unveiled two leucine residues (L50 and L52) specifically involved in the association of Hsp27 to nuclear
speckles and revealed novel nuclear structures formed by this Hsp27 mutant. The present study identifies two distinct sets of sequences respectively
mediating the nuclear import of Hsp27 and its association to nuclear speckles. These two phenomena are uncoupled and can be separately abrogated.
© 2008 Elsevier B.V. All rights reserved.Keywords: Heat shock protein; Arginine-rich nuclear localization signal; Nuclear speckle1. Introduction
One widely conserved mechanism of cellular defense is the
rapid and massive induction of heat shock proteins (Hsp), many
of which perform chaperone function by preventing protein
misfolding and facilitating refolding of denatured protein to
prevent their irreversible aggregation [1]. Small heat shock
proteins (sHsp) constitute a subclass of Hsp ranging from 10 to
40 kDa which possess a conserved alpha-crystallin domain [2,3]
flanked by amino and carboxy domains of variable length. A
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doi:10.1016/j.bbamcr.2008.01.031of protein aggregation (reviewed in [4]), and stabilization of
actin [5,6] to protection from apoptosis [7–9] has been reported
for the sHsps (reviewed in [10]). Members of the small heat
shock protein family are chaperones involved in a wide variety
of processes and have been found in virtually every cellular
compartment (nucleus, cytoplasm, Golgi and mitochondria).
In Drosophila melanogaster, four main sHsp (Hsp22, 23, 26
and 27) have so far been studied, but eleven genes potentially
coding for proteins bearing an alpha-crystallin domain are present
in the genome [11]. These four sHsp exhibit chaperone properties
in vitro, albeit with different level of efficiency depending on the
method of assay [12,13]. Because these are highly similar in se-
quence, such difference in in vitro activity suggests that they
possess intrinsic functional specificities or that the environment in
which they carry their function is critical. In vivo studies have
shown that sHsp overexpression increases the resistance to
thermal and oxidative stress in cultured cells [14–16] and to the
ageing process in flies [17–20]. The different levels of protection
observed in these in vivo studies also suggest that inherent char-
acteristics are specific to each sHsp.
1201S. Michaud et al. / Biochimica et Biophysica Acta 1783 (2008) 1200–1210While being coordinately induced in response to heat shock,
Drosophila sHsp also display a tissue- and cell-specific expression
during development. Hsp23 is normally expressed in the ventral
unpaired median and MP2 neurons and in the midline glial cells
during embryogenesis [21]. BothHsp23 andHsp27 are detected in
specific cells during spermatogenesis [22] andHsp27 is also found
in the follicular and nurse cells of the developing oocyte [23].
Similar developmental expression is observed for some sHsp ofC.Table 1
PCR-generated constructs and associated primers
Construct Amplicon Template
pRcHsp27R54G Hsp27R54G pRcHsp27W
pRcHsp27R55G Hsp27R55G pRcHsp27W
pRcHsp27R56G Hsp27R56G pRcHsp27W
pRcHsp27R54,55G Hsp27R54,55G RcHsp27R54
pRcHsp27R54,56G Hsp27R54,56G RcHsp27R54
pRcHsp27R55,56G Hsp27R55,56G RcHsp27R55
pRcHsp27ΔNLS Hsp27R54,55,56G RcHsp27R54
pRcHsp27L44–46A Hsp27L44–46A pRcHsp27W
pRcHsp27ΔNLS_L44–46A Hsp27ΔNLS_L44–46A pRcHsp27Δ
pRcHsp27L/A Hsp27L/A RcHsp27L44
pRcHsp27ΔNLS_L/A Hsp27ΔNLS_L/A RcHsp27ΔN
pAcMYC-Hsp27WT MYC-Hsp27WT pRcHsp27W
pAcMYC-Hsp27ΔNLS MYC-Hsp27ΔNLS pRcHsp27Δ
Hsp27(X-X)23 fusions Hsp23 RcHsp23
Hsp27(X-X)23ΔMet fusions Hsp23ΔMet RcHsp23
pRc27(1–63)23 Hsp27(1–63) pRcHsp27W
pRc27(1–39)23 Hsp27(1–39) pRcHsp27W
pRc27(48–63)23 Hsp27(48–63) pRcHsp27W
pRc27(1–47)23 Hsp27(1–47) pRcHsp27W
pRc27(40–63)23 Hsp27(40–63) pRcHsp27W
Primer Sequence (with HindIII and XbaI linkers und
Hsp27_FOR AGACAAGCTTACCCACCATGTCAATTAT
Hsp27_REV TGCATTCTAGATGCCACTTACTTGCTAG
NLS-DmHsp27-XbaI GCTCTAGACCTCTCGTACGGCGAATAA
NLS27(63)_H3_R GCAAGCTTCCTCTCGTACGGCGAATAA
XbaI-23 GCTCTAGAATGGCAAATATTCCATTG
XbaI-delMET23 GCTCTAGAGCAAATATTCCATTGTTG
NLS27(39)_XbaI_R GCTCTAGAGAACAGATCGTGGGCATGG
NLS27(48)_HindIII_F ATAAAGCTTATGAACACCCTGGGACTG
NLS27(48)_HindIII_Fs ATAAAGCTTATGAACACCCTGGGACTG
NLS27(47)_XbaI_R GCTCTAGAGGGCAGTAGCAGGCGACGC
NLS_A CTTAAGCTTATGCATCCGCGTCGCCTGC
Xho_MYCHsp27_F ATTCTCGAGTTACCCACCATGGAGCAG
27(R54G)_F GGGACTGGGTGGTCGTCGCTATTCG
27(R54G)_R CGAATAGCGACGACCACCCAGTCCC
27(R55G)_F GGACTGGGTCGTGGTCGCTATTCG
27(R55G)_R CGAATAGCGACCACGACCCAGTCC
27(R56G)_F GGTCGTCGTGGCTATTCGCCG
27(R56G)_R CGGCGAATAGCCACGACGACC
27(R56G)onR3G_F CTGGGTGGTGGTGGCTATTCGCCGTAC
27(R56G)onR3G_R GTACGGCGAATAGCCACCACCACCCAG
27(R5556G)_F GGACTGGGTCGTGGTGGCTATTCGCCG
27(R5556G)_R CGGCGAATAGCCACCACGACCCAGTCC
27(R5456G)_F GGACTGGGTGGTCGTGGCTATTCGCCG
27(R5456G)_R CGGCGAATAGCCACGACCACCCAGTCC
27NES(L44–46A)_F CGCGCCGCCGCCCCCAACACCCTGGGA
27NES(L44–46A)_R GGGGGCGGCGGCGCGACGCGGATGGA
27L5052AonWT_F GCCCCCAACACCGCCGGAGCCGGTCGT
27L5052AonWT_R GCGACGACGACCGGCTCCGGCGGTGTT
27L5052AonR3G_F GCCCCCAACACCGCCGGAGCCGGTGG
27L5052AonR3G_R GCCACCACCACCGGCTCCGGCGGTGTTelegans [24], Xenopus [25], zebrafish [26], mouse and human
[27]. Even if such highly regulated expression patterns suggest
that sHsp may carry additional functions in a developmental
context, experimental evidence supporting this hypothesis are still
scarce. Recent observations on mutations within sHsp genes
however suggest that an altered capacity to interact with in-
tracellular substrates can lead tomajor perturbation that may cause
severe phenotypes, as seen in the desmin-relatedmyopathy causedPrimer 1 Primer 2
T 27(R54G)_F 27(R54G)_R
T 27(R55G)_F 27(R55G)_R
T 27(R56G)_F 27(R56G)_R
27(R55G)_F 27(R55G)_R
27(R5456G)_F 27(R5456G)_R
27(R5556G)_F 27(R5556G)_R
,55G 27(R56G)onR3G_F 27(R56G)onR3G_R
T 27NES(L44–46A)_F 27NES(L44–46A)_R
NLS 27NES(L44–46A)_F 27NES(L44–46A)_R
–46A 27L5052AonWT_F 27L5052AonWT_R
LS_L44–46A 27L5052AonR3G_F 27L5052AonR3G_R
T Xho_MYCHsp27_F Hsp27_REV
NLS Xho_MYCHsp27_F Hsp27_REV
XbaI-23 SP6
XbaI-delMET23 SP6
T Hsp27_FOR NLS27(63)_H3_R
T Hsp27_FOR NLS27(39)_XbaI_R
T NLS27(48)_HindIII NLS27(63)_H3_R
T Hsp27_FOR NLS27(47)XbaI_R
T NLS_A NLS27(63)_H3_R
erlined)
ACCACTGCTG
TCTCCAGGGGCTC
CG
CG
ACG
GGTCGTCG
GG
GG
TACTGC
AAGCTGATCTCCGAGGAGGATCTGTCAATTATACCACTGCTGCAC
CTGGG
ACAGATCG
CGTCGC
GGGGGC
TGGTGGC
GGGGGC
1202 S. Michaud et al. / Biochimica et Biophysica Acta 1783 (2008) 1200–1210by a mutation in alphaB-crystallin [28] or by the motor neurons'
degeneration caused by mutations in human Hsp22 ([29] and re-
viewed in [30,31]).
Another peculiarity of Drosophila sHsp is their specific as-
sociation to different intracellular compartments. The four Dro-
sophila sHsp respectively localize in the mitochondrion (Hsp22;
[32]), cytoplasm (Hsp23/Hsp26; [11,33]) and in the nucleus
(Hsp27) both in Drosophila [22,23] and when transfected in
heterologous mammalian cells [34]. This association of sHsp to
distinct cellular compartment suggests that these different proteins
may carry out functions specifically related to their subcellular
localization. The differential chaperoning efficiency of sHsp in
vitro, the phenotypes engendered by mutations which affect their
interaction pattern with intracellular substrates and the maintained
compartmentalization of Drosophila sHsp upon transfection in
heterologous mammalian cells indicate that intracellular localiza-
tion represents a key parameter dictating and mediating their
biological function.While themitochondrial localization ofHsp22
relies on a signal peptide located in its amino-terminus [32], the
sequences and mechanism responsible for targeting Drosophila
Hsp27 to the nucleus are still unknown. The present study spe-
cifically sought to define the sequences involved in Hsp27 nuclear
targeting.
The analysis of fusion proteins between D. melanogaster
nuclear Hsp27 and the cytoplasmic Hsp23 demonstrates that
nuclear import of Hsp27 is mediated by a nuclear localization
signal (NLS) located in its amino-terminal region between amino
acids 48 to 63. Targeted mutagenesis of Hsp27 residues further
implicates three arginines (R54–56) that differentially combine to
generate a “dual-component” NLS, outlining a novel type of
monopartite NLS. Immunolocalization of different forms of
Hsp27 reveals its association to nuclear speckles (also known as
interchromatin granules; reviewed in [35]) in the absence of
stress, an observation previously reported formammalian alphaB-
crystallin [36,37] and Hsp27 [38,39]. Finally, mutation of a can-
didate NES unveils two leucine residues (L50, L52) implicated in
the association of Hsp27 to nuclear speckles. The presented data
demonstrate that Drosophila Hsp27 localization is dictated by at
least two independent factors that regulate its nuclear targeting
and association to nuclear speckles.Fig. 1. Schematic representation of Hsp27 constructs. Domains of the wild-type Hsp27
chimeric fusions. The black box shows the position of the putative bi-partite nuclear loc
alphaB-crystallin domain in Hsp27 (white) and Hsp23 (pale grey). Arginines forming th
constructs.2. Materials and methods
2.1. Cell culture and transfection conditions
Hela cells were maintained in Iscove medium (Gibco) supplemented with 5%
FBS. For transfections, cells were plated 18 h in advance at a confluence of 250000
cells/30 mm dish (containing glass coverslip if used for immunofluorescence).
Then, cells were washed three times in OptiMEM (Gibco) and incubated for 2 h in
OptiMEM containing the plasmid:Lipofectamine (Invitrogen) complex (9 µl
Lipofectamine/2 µg DNA) prepared according to the manufacturer's protocol.
After the incubation, cells were washed 3 times with complete medium and left to
express for 24 to 48 h before being processed.
2.2. Plasmid constructs
A mammalian expression construct for Drosophila Hsp27 was generated by
subcloning the blunted XbaI–DraI fragment from p88.5 [40], which contains the
complete Hsp27 coding sequence, into the bluntedNotI site of the pRcCMVvector
(Invitrogen). All subsequent derivatives of Drosophila Hsp27 were generated by
PCR-mediated targeted mutagenesis using the Expand Hi-FiPLUS polymerase
(Roche) and the primers found in Table 1. The generation of fusion proteins
consisting of Hsp27 fragments fused to the complete Hsp23 coding sequence
[Hsp27(1–63)/(1–47)/(1–39)–Hsp23] were carried out in two-steps: first, amino-
terminal fragments of Hsp27 were PCR-amplified using primers bearing the
HindIII (5′) and XbaI (3′) linkers. PCR products were digested with HindIII and
XbaI, gel purified and inserted into respective sites in pRcCMV. Then, the full-
length Hsp23 coding sequence amplified by PCR using primers bearing XbaI
linkers was inserted in frame at the carboxy-terminal of the Hsp27 fragments. The
Hsp27(40–63)/(48–63)–Hsp23 were generated by PCR amplification of the required
Hsp27–Hsp23 region of the pRcCMV[Hsp27(1–63)–Hsp23] vector using a forward
primer containing a HindIII linker and a synthetic methionine added in frame to the
Hsp27 coding sequence along with the SP6 primer found at the end of the
pRcCMV multiple cloning site. The Hsp27(40–63)/(48–63)–Hsp23 PCR products
were then digested with HindIII and ApaI (found between the XbaI site of
pRcCMVand the SP6 primer) and inserted in the respective sites of pRcCMV. Site-
specific mutations were generated in wild-type Hsp27 using a 2-step overlapping
PCR approach. In short, two individual PCR respectively covering the amino- and
carboxy-terminal fragments of the Hsp27 open reading frame and overlapping on a
stretch of about 20 base-pairs over the residue(s) to bemutatedwere first generated.
The amino-terminal fragment was generated using a primer combination of
Hsp27_FOR, which includes a HindIII linker to allow subcloning into the
respective site of pRcCMV, and a site-specific reverse primer that includes the
desired mutations. The complementing carboxy-terminal fragment was generated
with the Hsp27_REV primer, which includes an XbaI linker to allow subcloning
into the respective site of pRcCMV, and a site-specific forward primer that also
includes the desired mutations. Each PCR-generated fragment was run on gel and
purified using the PerfectPrep kit (Eppendorf) and eluted in a 30 µl volume. Then,fromDrosophila melanogaster are shown along with schematics of Hsp27–Hsp23
alization signal (R42 to R56) while the dark grey box indicates the conserved sHsp
e predicted bi-partite NLS are outlined in the stretch of sequence shown above the
1203S. Michaud et al. / Biochimica et Biophysica Acta 1783 (2008) 1200–12102 µl of each purified fragment was used as template in a third reaction that included
the Hsp27_FOR and Hsp27_REV primers, thereby allowing the generation of a
full-length Hsp27 open reading frame that incorporated the required mutations. All
constructs were sequence-verified to ensure that they only carry the appropriate
mutations. The list of all primers used for the generation of constructs used in this
study is found in Table 1.
2.3. Immunocytochemistry and antibodies
Cells were washed 3 times in PBS and fixed by incubation in pre-chilled
methanol at −20 °C for 20 min. They were washed 3 times with PBS containing
0.1% Triton-X (PBT) and subsequently blocked for 1 h in PBT+0.2% normal
goat serum (Vector Laboratories) (PBTN). After blocking, cells were incubated
in primary antibodies diluted in PBTN for either 2 h at room temperature or
overnight at 4 °C. Cells were washed 5 times 5 min with PBTand incubated with
fluorescently-labeled secondary antibodies diluted in PBTN. Finally, cells were
washed 5 times 15 min with PBT with DAPI (4′,6-diamidino-2-phenylindole)
added to the final PBS wash, mounted in a glycerol-based mounting medium
and examined by epifluorescence microscopy on a DAS Leitz microscope. An-
tibodies used were: monoclonal anti-Hsp27 (2C8E11 1/20) [41], polyclonal anti-
Hsp27 (1535 1/100) [34], polyclonal anti-human Hsp27 (080 1/100) [42],
monoclonal anti-SC35 (1/40) [43], monoclonal anti-Hsp23 (7B12 1/20) and
polyclonal anti-SUMO (O21 1/100) (Inaguma and Tanguay, unpublished).Fig. 2. Presence of a functional NLS in the 48–64 fragment of Hsp27. (A–G)
Intracellular localization of the different Drosophila Hsp27–Hsp23 fusions in
transfected Hela cells. Column 1 shows the immunolocalization of the Hsp27/23
fusions using an anti-Hsp23, except for (A) using an anti-Hsp27. Column 2 shows
DNA detection by DAPI while column 3 displays phase contrast of the field.
(A) Nuclear localization of Drosophila Hsp27 with enhanced accumulation in
distinct nuclear foci. (B) Exclusive cytoplasmic localization of wild-type Droso-
philaHsp23. (C) Nuclear accumulation of a chimeric protein containing the first 63
amino acids ofHsp27 fused to the completeHsp23,Hsp27(1–63)23. (D)Cytoplasmic
localization of the Hsp27(1–39)23 fusion. (E) Cytoplasmic localization of the
Hsp27(1–47)23 fusion. (F) Nuclear accumulation of Hsp27(40–63)23. (G) Nuclear
accumulation of Hsp27(48–63)23.3. Results
3.1. A monopartite NLS is responsible for nuclear
accumulation of Hsp27
In order to identify the molecular signal responsible for the
nuclear localization ofDrosophilaHsp27, the primary amino acid
sequence of Hsp27 was first probed for the presence of potential
nuclear localization signal (NLS) using the PSORT program [44].
This computational analysis unveiled a putative bi-partite NLS,
constituted of arginines located within residues 42 and 56 (RR-
N10–RRR) of Hsp27. To test the functionality of this predicted
NLS, different fusions were generated between amino-terminal
fragments of Hsp27 and the full-length Drosophila Hsp23
(schematized in Fig. 1), a protein closely related to Hsp27 but
displaying exclusive cytoplasmic localization in Drosophila and
mammalian cells (Fig. 2B and [21,33]). These Hsp27/23
constructs were then transfected in Hela cells, a heterologous
system previously used for the analysis of the Drosophila Hsp22
mitochondrial targeting signal [32]. The rationale justifying the
use of this experimental system is that no endogenous expression
of Drosophila Hsp27 is found in these cells, hence allowing a
clear interpretation of the intracellular localization of the
transfected proteins. Transient transfection in Hela cells confirms
thatDrosophilaHsp27 is confined to the nucleus (Fig. 2A) while
Hsp23 displays an exclusive cytoplasmic localization (Fig. 2B).
The nuclear localization of the Hsp27(1–63)23 fusion (Fig. 2C)
indicates the presence of a functional NLS within the amino-
terminal fragment of Hsp27. To confirm that the predicted NLS is
necessary for nuclear import activity and to exclude the possibility
that additional NLS may be present in the amino-terminal portion
of Hsp27, an Hsp27(1–39)23 fusion was generated. The resulting
chimeric protein localizes to the cytoplasm (Fig. 2D), suggesting
that no functional NLS is present within the first 39 amino acids of
Hsp27.While the proximal Hsp27(1–39) fragment is not sufficient
to translocate Hsp23 to the nucleus, the potential contribution ofsequences located in this region (1–39) to the nuclear-targeting
activity of the (1–63) fragment cannot be ruled out. To assess
whether the (40–63) stretch autonomously contained the
sequences responsible for the nuclear-targeting activity, and to
experimentally test the initial computational prediction that the
Hsp27 NLS is bi-partite, three additional fusions were generated.
To first test if the (40–63) fragment was sufficient to drive Hsp23
to the nucleus, an Hsp27(40–63)23 fusion was transfected and
shown to localize predominantly in the nucleus of cells (Fig. 2F),
implying that this region carried a nuclear-targeting activity, albeit
with an apparent lower efficiency.
Fig. 3. Mutational analysis of Hsp27 NLS. (A–G) Intracellular localization of
the different Drosophila Hsp27 mutants in transfected Hela cells. Column 1
shows the immunolocalization of the transfected Hsp27 protein using an anti-
Hsp27. Column 2 shows DNA detection by DAPI while column 3 displays
phase contrast of the field. (A to D) All single R-NG substitutions and the
R54,55G double mutants retain their nuclear localization with preferential
accumulation in distinct nuclear domains. (E to G) R54,56G, R55,56G and the
triple R54,55,56G mutants display main cytoplasmic localization in addition
to association with nuclear domains reminiscent of those seen in panels A to D.
(H,I) Immunolocalization of MYC-tagged Drosophila Hsp27 in transfected
Drosophila S2 cells using an anti-MYC antibody. (H) Nuclear localization of
MYC-Hsp27WT.Note the exclusion from the nucleolus. (I) Cytoplasmic localization
of MYC-Hsp27ΔNLS.
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hydrophobic residues [45], we next evaluated whether both basic
clusters (R42/43 and R54–56) contributed to the NLS activity,
inferring a true bi-partite nature, or if the nuclear localization
activitywas in factmediated by amonopartite NLS consisting of a
unique cluster of basic residues. The putative bi-partite was
therefore split into two convenient fusions, Hsp27(1–47)23 and
Hsp27(48–63)23. The exclusive cytoplasmic localization displayed
by Hsp27(1–47)23 (Fig. 2E) indicates that sequences required for
NLS activity are located in the (48–63) stretch and demonstrates
that no independent NLS is located in the (1–47) region. The
nuclear accumulation of the Hsp27(48–63)23 fusion protein
confirms that the (48–63) region autonomously contains the
functional monopartite NLS (Fig. 2F). However, the phenotypic
discrepancy between the Hsp27(1–63)23 (all nuclear) and
Hsp27(48–63)23 (both nuclear and cytoplasmic) raises two
possibilities: #1) the contribution of surrounding sequences is
required for full activity of the NLS included in the (48–63)
stretch or #2) an independent parameter unrelated to the NLS
activity is responsible for the partial cytoplasmic localization
observed in the (40–63) and (48–63) fusions. As molecular
constructs carrying only short fragments of Hsp27 fused toHsp23
may be prone to internal initiation of translation yielding
truncated forms that localize to the cytoplasm, Western analysis
of cell extracts expressing the Hsp27–Hsp23 fusions was carried
out. The identification of truncated forms for the Hsp27(40–63)23
and Hsp27(48–63)23 fusions (Supplementary data and not shown)
is consistent with the hypothesis that the cytoplasmic signal
observed in Fig. 2F, G reflects the generation of Hsp23 species
that lack the nuclear-targeting signal of Hsp27 due to internal
translation initiation using the methionine residues found at
position 1, 17 and 19 of the Hsp23 open reading frame. Despite
such observation, the significant nuclear accumulation of the
Hsp27(48–63)23 implies that it contains a functional monopartite
NLS in the (48–63) region.
3.2. A specific combination of basic residues is required for
NLS function
To confirm that sequences responsible for the nuclear-targeting
activity of endogenous Drosophila Hsp27 are located within the
(48–63) amino acid stretch, and to further exclude the con-
tribution of arginines 42 and 43 to the nuclear-targeting activity
found in the amino-terminal region of Hsp27, a targeted muta-
genesis approach was carried out. First, individual or combina-
torial R-NG substitutions were generated for arginines 42 and 43
and were shown not to abrogate the nuclear localization of
Hsp27 (data not shown). Since monopartite NLS are classically
represented by groups of basic residues, we decided to spe-
cifically analyze the contribution of the R54–56 residues
contained within the Hsp27 (48–63) region. All single, double
and triple combinations of R→G substitutions were generated
and the intracellular localization of the resulting mutant Hsp27
was tested upon transfection in Hela cells. All versions of Hsp27
carrying singleR→G substitution remained nuclear (Fig. 3A–C),
suggesting that no single arginine residue was indispensable for
the nuclear localization of Hsp27. The cytoplasmic localization of
Fig. 4. Dual component model of Hsp27 nuclear localization signal. Model of
Drosophila Hsp27 arginine-rich nuclear localization signal. The differential
behavior of single, double and triple mutants suggest that arginines 54 and 55
form a single functional group that acts in concert with arginine 56 to dictate
nuclear localization signal activity. To be functional, the Hsp27 NLS requires
that at least one component be active to result in Hsp27 nuclear localization.
Only the inactivation (shown as grey boxes) of both components leads to the
cytoplasmic localization of Hsp27.
1205S. Michaud et al. / Biochimica et Biophysica Acta 1783 (2008) 1200–1210the triple mutant (Hsp27ΔNLS, Fig. 3G) confirmed that the (R54–
56) group is implicated in the nuclear localization activity of the
(48–63) region. Interestingly, double mutant combinations
yielded two distinct phenotypes: theHsp27R54/55Gmutant retainedFig. 5. Drosophila Hsp27 associates to nuclear speckles and induces nuclear accumu
marked by SUMO in the nucleus of Hela cells. (D) Inset shows a magnified view of th
SC35-positive nuclear speckles of transfected Hela cells in the absence of exogenou
normal conditions. (Q–R) Relocalization of human Hsp27 to the nuclear speckles
HsHsp27 in the untransfected cell (top cell). (A, E, I, M, Q) Phase contrast of the fi
Hsp27. (F, J) Immunolocalization of different Drosophila Hsp27 species using a pol
SUMO. (G,K) Pattern of nuclear speckles visualized by anti-SC35 immunofluorescen
the two previous columns.its nuclear localization (Fig. 3D) while both the Hsp27R54/56G and
Hsp27R55/56G proteins localized to the cytoplasm (Fig. 3E, F).
Such differential behavior implies that the R56 residue is sufficient
to maintain nuclear localization but becomes dispensable when
the two other basic arginines (R54 andR55) are present. However,
upon mutation of R56, losing either R54 or R55 abrogates NLS
activity. Therefore, the Hsp27 NLS represented by the R54–56
group could be envisioned as a two-component module, one
consisting of both the R54 and R55 residues and the other
represented by R56. If either of those components is functional,
the protein is located in the nucleus. However, if both components
are abrogated, then the protein remains in the cytoplasm (sche-
matized in Fig. 4).
To ensure that the definition of sequences involved in Droso-
phila Hsp27 nuclear localization in the heterologous mammalian
Hela cells is representative of the sequences required for its
nuclear localization within endogenousDrosophila cells, expres-
sion constructs for Hsp27WT and Hsp27ΔNLS were engineered
and transfected in toDrosophila S2 cells. To prevent the potential
co-detection of endogenous nuclear Hsp27, a MYC tag was
inserted at the amino terminal of Hsp27 coding sequence. Whilelation of human Hsp27. (A–D) Hsp27 does not co-localize with nuclear bodies
e outlined region. Drosophila Hsp27WT (E–H) and Hsp27ΔNLS (I–L) localize to
s stress. (M–P) Human Hsp27 is excluded from the nucleus of Hela cells under
upon Drosophila Hsp27 expression. Note the strict cytoplasmic localization of
eld. (B, R) Immunolocalization of Drosophila Hsp27 using a monoclonal anti-
yclonal anti-Hsp27. (C) Immunolocalization of SUMO using a polyclonal anti-
ce. (N) Staining of DNAwith DAPI. (D, H, L, P, T) Merge between the panels of
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indicates that the MYC tag does not interfere with normal
intracellular distribution, the prominent cytoplasmic localization
of MYC-Hsp27ΔNLS (Fig. 3I) validates our analysis within the
heterologous Hela system and confirms the implication of the
R54–56 residues in the nuclear localization of Hsp27 in en-
dogenous Drosophila cells.
3.3. Association of Hsp27 to nuclear speckles
An inherent additional phenotype observable with Hsp27WT
and Hsp27ΔNLS is the accumulation of the protein at distinct
limited intranuclear foci (Figs. 2A and 3G respectively). Based on
previous observations which described the association of alphaB-
crystallin [38,46] and mammalian Hsp27 [39] to nuclear speckles,
and the interaction between Drosophila sHsp and the Ubc9
enzyme involved in the SUMOylation pathway [47], we tested if
these nuclear sites ofHsp27 accumulation represent either SUMO-
containing PML bodies (also known as ND10 [48]) or nuclear
speckles (also known as ICGs—interchromatin granules; [35]).
Immunolocalization of Hsp27WT (Fig. 5A–D) or Hsp27ΔNLS
mutant (data not shown) and SUMO1 in transfected cells
displayed mutual exclusion, ruling out the potential association
of Hsp27 to PML bodies. Immunocytochemistry using aFig. 6. Accumulation ofHsp27 in largemasses uponmutation of leucine residues. (A–F
in Hela cells. (A) Phase contrast of field shown in A to D. (B) Staining of DNAwith DA
Hsp27L/A. (D)Merge of panels B andC. (E) Close up of a single largeHsp27mass found
and L outline the Hsp27-positive masses. (G–L) Formation of cytoplasmic masses res
contrast of field shown in G to J. (H) Staining of DNA with DAPI. (I) Immunoloca
accumulation. (J) Merge of panels H and I. (K) Close up of boxed region of panel G. (monoclonal antibody (anti-SC-35) that recognizes a non-snRNP
protein involved in spliceosome assembly and pre-mRNAsplicing
[43] revealed nuclear co-localization with both Hsp27WT
(Fig. 5E–H) and Hsp27ΔNLS protein (Fig. 5I–L), showing that
Drosophila Hsp27 associates at nuclear speckles in an NLS-
independent manner.
3.4. Association of human Hsp27 with nuclear speckles upon
Drosophila Hsp27 expression
Mammalian Hsp27 is not only able to form homo-oligomers
[16] but can also interactwith other sHsps like alphaA-crystallin to
form hereto-oligomers [49]. For this reason, we investigated
whether the insertion of an exogenous source of nuclear sHsp,
such as Drosophila Hsp27, could modify the intracellular dis-
tribution of endogenous human Hsp27 (HsHsp27). Under normal
conditions, human Hsp27 is excluded from the nucleus and shows
a cytoplasmic distribution in Hela cells (Fig. 5M–P). Surprisingly,
expression of Drosophila Hsp27 in these human cells resulted in
the association ofHsHsp27with the nuclear speckles (Fig. 5Q–T).
This nuclear localization of human Hsp27 in the absence of
external stress is seen solely in transfected cells that express the
Drosophila Hsp27 protein, as untransfected cells treated under
the same condition exhibit cytoplasmic localization of endogenous) Formation of nuclear masses resulting from the expression of the Hsp27L/Amutant
PI. Arrows indicate intranuclear regions void of DNA. (C) Immunolocalization of
in boxed region of panel A. (F) Phase contrast of panel E. Dotted circles in panels F
ulting from the expression of the Hsp27ΔNLS_L/A mutant in Hela cells. (G) Phase
lization of Hsp27ΔNLS_L/A. Arrows point to intranuclear foci of Hsp27ΔNLS_L/A
L) Phase contrast of panel K.
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exogenous Drosophila Hsp27 either drags the endogenous
HsHsp27 to the nucleus or stabilizes its association to the nuclear
speckles.
3.5. Hsp27 association to nuclear speckles is mediated by
leucines 50/52
The association of Hsp27 with nuclear speckles even in the
absence of a functional NLS (Fig. 5I–L), implies that the protein
retains its capacity to enter the nucleus and be “anchored” at these
structures. The fact that no diffuse nuclear staining is observed
with the DmHsp27ΔNLS indicates that non-anchored protein is
probably actively transported out of the nucleus. Nuclear Export
Signals (NES) are leucine-rich sequences [50] found in many
proteins displaying nucleo-cytoplasmic shuttling and are respon-
sible to direct active export from the nucleus via the CRM1
exportin [51]. Comparison between the NES consensus sequence
(L-X(1-3)-L-X(2-3)-L-X-L) and Drosophila Hsp27 unveils a
perfect bi-directional match at position 44 to 52 (44-L-L-L-P-N-
T-L-G-L-52), directly adjacent to the arginine group (R54–56)
responsible for the nuclear targeting of Hsp27 (see Fig. 1). To
evaluate whether this putative NES contributes to dictate Hsp27
intracellular distribution, we mutated the leucine residues within
this group, an approach previously shown to impair NES function
[52,53]. The three leucines at position 44–46were first mutated to
alanines in the context of Hsp27WT and Hsp27ΔNLS in order to
assess if complete nuclear localization of Hsp27ΔNLS could beFig. 7. Dissociation of Hsp27 from nuclear speckles upon mutations of leucine residu
speckles in transfected Hela cells. Column 1 shows a phase contrast view of the field p
of the Hsp27 mutants using a polyclonal anti-Hsp27. Column 3 shows immunoloca
shows a color merge of Columns 2 and 3. (A to D) Association of Hsp27L44/46A to
speckles both at low (E to H) and high (I to L) level of Hsp27L/A expression.restored through potential abrogation of nuclear export. As
both mutant constructs maintained their respective subcellular
localization (nuclear for Hsp27L44/46A and cytoplasmic for
Hsp27ΔNLS_L44/46A; Fig. 7A–D and data not shown), the two
additional leucine residues (L50, and 52) were also mutated to
generate the complete (L44/46,50,52A) substitutions, thereby
generating the Hsp27L/A and Hsp27ΔNLS_L/A constructs. Despite
displaying a similar phenotype of aggregation, both mutants
retained their specific intracellular localization as Hsp27L/A
structures were strictly found in the nucleus (Fig. 6A–D) and
Hsp27ΔNLS_L/A masses accumulated in the cytoplasm (Fig. 6G–J).
The intranuclear Hsp27L/A masses possess internal structure as
immunostaining using an anti-Hsp27 constantly displays a modu-
lation of staining intensity within the mass itself (Fig. 6E). This
phenomenon is also observed for the cytoplasmic Hsp27ΔNLS_L/A
masses (Fig. 6K). Similar to Hsp27ΔNLS, it appears that a small
portion of Hsp27ΔNLS_L/A protein species were able to enter the
nucleus and form intranuclear foci (arrows, Fig. 6I). Interestingly,
the large Hsp27L/A bodies closely resemble subnuclear structures
formed by a fusion protein between GFP and the tripartite NLS of
EGFR [54]. A very peculiar characteristic of these Hsp27L/A
nuclear masses is that they appear translucent when observed by
phase microscopy (Fig. 6, F), hinting that these do not simply
represent aggregates of misfolded proteins (which usually appear
as dark and opaque structures). Although not formally tested,
accumulation of these large intranuclear masses does not seem to
induce rapid apoptosis as masses that can take up half of the
nuclear space have routinely been observed without anyes. (A–L) Association of the different Drosophila Hsp27 mutants to the nuclear
resented in the three subsequent columns. Column 2 shows immunolocalization
lization of nuclear speckles using a monoclonal antibody anti-SC35. Column 4
nuclear speckles. (E to L) Non-co-localization between Hsp27L/A and nuclear
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and no decondensation of the chromatin, suggesting that these
structures can be tolerated by the cells.
Since the intranuclear distribution of the Hsp27L/A mutant is
modulated, its association to nuclear speckles was tested. Analysis
of its distribution at both low (Fig. 7E–H) and high (Fig. 7I–L)
levels of expression demonstrates that this mutant no longer
associates with nuclear speckles, suggesting that the mutated
leucines, L50 and L52 are functionally involved in the association
of Hsp27 with nuclear speckles. To verify if both groups of
leucines are required, the association of the Hsp27L44/46A mutant
at nuclear speckles was also verified and shown to be maintained
(Fig. 7A–D). This observation contrasts with the loss of speckle
association for Hsp27L/A and suggests that L50 and L52, but not
L44–46 are implicated in speckles interaction.
4. Discussion
The presented data indicate that nuclear localization of Dro-
sophilaHsp27 is mediated by a single sequence stretch located in
the 48–63 region, specifically including the basic arginines at
position 54, 55 and 56. Because this unique arginine group
involved in Hsp27 nuclear localization was uncovered based on
an initial prediction of a bi-partite NLS, our data warrants careful
analysis of putative bi-partite NLS that extend beyond a simple
deletion analysis to individually evaluate the contribution of each
basic groups within this class of NLS. Since classical monopartite
NLS are known to require a lysine at the P1 position to mediate
the interaction of the imported protein with its import receptor
[45], theHsp27NLS,which is devoid of lysine residue, represents
a non-classical type. Similar arginine-rich NLS have been iden-
tified in a variety of viral proteins including human immunode-
ficiency virus type 1 (HIV-1) Rev [55] and Tat [56]. Interestingly,
the nuclear localization of herpes simplex virus VP13/14 and its
binding to RNA are both mediated by such arginine-rich motif
[57,58]. This observation, along with the previously reported
association of Hsp27 with hnRNA [59], provides reasonable
grounds for future studies aimed at testing whether Hsp27 in-
teracts directly with RNA through its arginine-rich NLS and
whether such interaction regulates its intracellular distribution.
Also supporting this hypothesis is the observation that human
Hsp27 interaction with nuclear speckles is sensitive to RNAse but
not DNAse treatment [39].
The observation thatDrosophilaHsp27 shows diffuse nuclear
staining but also associates with distinct nuclear bodies suggests
that this protein may carry distinct functions associated to each
subnuclear compartment. The constant association of Hsp27ΔNLS
with nuclear speckles despite the loss of diffuse nuclear lo-
calization indicates that Hsp27 undergoes constant nucleo-
cytoplasmic shuttling, independently of its NLS. The observation
that Hsp27ΔNLS is found mainly in the cytoplasm indicates that
entry of the protein in the nucleus may be counterbalanced by
active export mechanisms, a hypothesis that will require further
characterization well beyond the scope of this paper, of the
mechanisms(s) involved in nucleo-cytoplasmic shuttling of
Hsp27. The intracellular localization of Hsp27ΔNLS is strikingly
reminiscent of the pseudo-phosphorylated form of alphaB-crystallin [46], which also shows prominent cytoplasmic and
nuclear speckle accumulation. Interestingly, blocking nuclear
export of alphaB-crystallin yields a diffuse nuclear accumulation
of the protein cumulative to its nuclear speckle localization, a
distribution similar to the intracellular localization of Drosophila
Hsp27WT. These observations suggest that the primary function of
Hsp27 NLS would be to mediate the preferential accumulation of
Hsp27 in the nucleus even in the absence of stress.
Our analysis of specific leucine residues (L44/46, 50, 52)
indicates that L50 and L52may be required for Hsp27 association
to nuclear speckles. However, since the loss of speckle association
observed for the Hsp27L/A mutant is concomitant to an aggre-
gation phenotype, we cannot exclude the possibility that the
leucine to alanine substitutions at residues 50 and 52 abrogate the
proper folding of the protein, thereby leading to a perturbation of
its three dimensional structure. Further in vitro structural
characterization of this mutant will be required in order to resolve
these issue and support, or invalidate, the implication of L50 and
L52 in Hsp27 interaction with nuclear speckles.
The nuclear import and speckle association of non NLS-
bearing small heat shock proteins such as mammalian Hsp27 and
alpha-B crystallin has been reported to be regulated by their
phosphorylation level. Association of alphaB-crystallin to nuclear
speckles is mediated by phosphorylation of its serine 45 while its
nuclear accumulation requires the phosphorylation of its Serine
59 [46]. Drosophila Hsp27 is known to be phosphorylated at
three residues [60] which have not yet been identified. Once the
phosphorylated residues are identified withinDrosophila Hsp27,
it will be important to assess whether phosphorylation is
implicated in the regulation of Hsp27 intracellular localization
or whether the presence of a functional NLS has alleviated such
requirement for its nuclear accumulation and association with
nuclear speckles. The importance of studying the impact of
phosphorylation on the nuclear translocation and speckles
association of Hsp27 is further reinforced by the presence of
predicted phosphorylation sites located immediately adjacent to
the NLS (RRRYSPY-NetPhos2.0 [61]), the in vivo observations
that ecdysterone treatment of Drosophila cell culture induces
Hsp27 phosphorylation [62] and that the pattern of Hsp27
phospho-isoform varies in different organs during Drosophila
development [60].
Albeit the functional implication of the nuclear localization of
Drosophila Hsp27 remains to be formally tested, it could be
envisioned that cells readily bearing nuclear accumulation of a
sHsp could be predisposed to react to, or recover faster from,
external stress thereby leading to increased resistance and fitness.
Putting such hypothesis to the test will require in vivo comparison
of the activity of the different mutants. In this view, it will be
interesting to evaluate whether speckle-associated Hsp27 shows
similar activity to the sub-species distributed diffusely within the
nucleus by comparing cell compartment-specific activities. Among
other parameters, it will be worthwhile to test if expression of
nuclear Hsp27 has any beneficial effects on the recovery of
splicing, a phosphorylation-dependent function identified for
mammalian Hsp27 [63]. Also, it will be interesting to evaluate if
cytoplasmic Hsp27 remains active in order to see if a nuclear
context is required for its biological activity. The different Hsp27
Table 2
Intracellular distribution of the different Hsp27 mutants in Hela cells
Hsp27 species Nuclear/cytoplasmic Nuclear foci Speckle association
Hsp27WT Nuclear + +
Hsp27ΔNLS Cytoplasmic + +
Hsp27L44/46A Nuclear + +
Hsp27L/A Nuclear + −
Hsp27ΔNLS_L44/46A Cytoplasmic + +
Hsp27ΔNLS_L/A Cytoplasmic + −
Different parameters of intracellular distribution for the Hsp27 mutants are
shown. While formation of nuclear foci was judged solely on the preferential
accumulation of intranuclear Hsp27 in distinct foci, a positive association to
nuclear speckles relied on co-localization with SC35-positive domains.
1209S. Michaud et al. / Biochimica et Biophysica Acta 1783 (2008) 1200–1210mutants generated in this study, which differs in the specific
parameters of normal Hsp27 intracellular localization (nuclear
localization and association to nuclear speckles; see Table 2),
should enable such comparative functional studies to be carried
out. The limiting factor hindering elaborate comparative studies is
the restricted number of functional assays currently available to
measure small heat shock protein activity (mainly chaperone
assays), as much of their intracellular biology remains obscure.
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